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ABSTRACT 
An important quafity characteristic n the production of paper webs is the range of 
fluctuations in the basis weight. This should be kept as small as possible. The 
basis-weight profile is a measure of these fluctuations. Deviations in the profile that 
arise during the papermaking process can be rectified by installing slice screws across 
the web and by suitable control functions. However, due to web shrinkage and 
displacement in the cross direction, the location on which a slice screw is acting in the 
profile is not known. This relationship, or mapping, is an essential precondition for 
cross-direction control. I f  it cannot be implemented accurately enough, the profile 
develops unevenness and, in the worst case, becomes unstable. This paper describes a
method that identifies this relationship by means of statistical process and a fuzzy 
decision logic, and that appropriately adapts cross-direction control. © 1997 Elsevier 
Science Inc. 
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1. INTRODUCTION 
Paper webs are produced in a continuous process where the starting 
product is a water pulp suspension, with the water component being some 
99% of the total. The water is then extracted in the paper-making machine 
from the suspension by means of various processes until a solid web of 
paper is produced with a residual humidity of some 7% [1]. 
At the start of the process is the headbox, which sprays the suspension 
through a narrow gap onto the following screen. A line of spindles or slice 
screws--there can be 90 or so--is arranged above the metal metering ate 
(or slice) so that the opening profile can be varied, thus controlling the 
flow rate and the basis weight. In the wet end, which is located immedi- 
ately after the headbox, two rotating plastic screens are used to drain the 
suspension until the felt is formed, a more compact paper web but with 
still a very high water content. This, in turn, is compacted even more as it 
passes between two rotating presses that drain off additional water until 
the dry content is now about 50% (Figure 1). No more water can be 
drained off mechanically, and heating must now be used. For this purpose, 
the web is threaded between a series of steam-heated cylinders in the dry 
end, and finally wound onto the pope reel. 
Before the paper is rolled, a measuring system determines the paper 
characteristics and quality data such as the basis weight, humidity, and 
thickness. This is done by means of a sensor that traverses the web and 
measures the various characteristics required to a resolution of 600 values, 
for example. During each traverse of the web, which takes between 15 and 
60 s, the sensor system detects the instantaneous mean value of the paper 
characteristic and the transverse profile of the web, which describes the 
fluctuations around the mean value. 
A major quality requirement is that paper characteristics should be as 
even as possible throughout the web with a minimum of fluctuations, ince 
these affect windability, printability, paper strength, etc. The cross-direc- 
tion profiles of the web are a criterion for evaluating the even distribution 
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Figure 1. Principal arrangement of a paper machine. 
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of paper characteristics. The profiles should be even, and both design 
features and cross-direction control are used to achieve this. 
All controlled systems for cross-direction control operate with a multi- 
plicity of input and output variables, for example 90 and 600, with the 
same dynamic response in all paths. Particular attention is paid to cross-di- 
rection basis weight profile control, in contrast o other cross-direction 
control methods, since it possesses two process characteristics that can 
significantly complicate its design and operation. One of these is the 
overlapping effect of adjacent slice screws on the basis weight. The 
interaction can be more or less pronounced and vary with time, depending 
on the type of machine. Due consideration must therefore be given to it, 
and a series of processes have been developed for this purpose [2-8]. 
The second problem is the shrinkage and displacement in the cross 
direction, which mainly occur in the dryer section and can vary over time 
[18]. This shrinkage changes the position of the paper particles in the cross 
direction and therefore also the position in the profile on which a slice 
screws acts. The relationship between the screws as actuators and the 
position on which they act in the profile, also termed mapping, is not 
known beforehand and can vary. Nevertheless, this knowledge is essential 
for stable and efficient cross-direction control. If this relationship were 
known only approximately, the slice screws would be assigned to points of 
the profile on which they had no effect or the wrong effect. In the 
worst-case scenario, this would result in instability in the closed-loop 
circuit. 
Current procedures for determining mapping are generally manual in 
practice, are very time-intensive, and can have a deleterious effect on 
paper quality. They include spraying paint onto the web, evaluation of web 
geometry [3], and use of a bump test. In [9] an automatic version of the 
bump test is described. In the bump test large position changes are passed 
to the individual slice screws so that the step changes in the basis 
weight--they reduce the quality of the paper--can be clearly seen, thus 
enabling the relationship to be established. 
The objectives to be achieved by means of the procedures [10, 11] 
described in this paper are: (1) an automatic sequence to be able to react 
rapidly to mapping changes; (2) no negative effect on paper quality or 
process sequence; (3) absolute reliability, since incorrect mapping, as 
explained, could have fatal consequences. Before this method is described, 
it is necessary to consider the mapping problem. 
2. THE MAPPING PROBLEM AND MAPPING ADAPTATION 
The displacement and the shrinkage of the paper web in the cross 
direction mainly occur in the dryer section. The shrinkage varies across the 
web, its maximum values being at the edges. The cross coordinates of the 
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paper particles therefore vary as they move through the paper machine to 
different extents depending on their original location: a paper particle with 
the wet cross coordinate s at the beginning of the process transforms to 
dry cross coordinate g after the dryer section [18]. Figure 2 illustrates this 
process. This assignment can be described by the mapping function 
g =f (s )  (1) 
or its inverse function s =f- l (g) .  As result of this process the position 
changes at which a slice screw i acts on the cross-direction basis-weight 
profile changes. Figure 2 shows the form of this effect, the weight-profile 
response. The position of its maximum ~ directly corresponds to the slice 
crew position s i through the mapping function (1). Because the cross 
profile is measured iscretely by m measuring boxes, each cross-profile 
value Yi (or the corresponding measuring box) can be assigned to the 
appropriate slice screw as long as f is known. 
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It should be noted that the shrinkage curve /3(s), whose form is also 
position-dependent, can be calculated from the mapping function. Let the 
shrinkage be defined by 
As - Ag 
/3(s) := lim (2) 
As--, 0 AS 
where Ag is the width of a shrunken piece of paper of original width As. It 
follows that 
Ag 
fl(s) := 1 -  lim - -  = 1 - f ' ( s ) .  (3) 
As~0 AS 
This result is interesting for two reasons. On the one hand, the shrinkage 
curve is often used to evaluate the unevenness of the mapping, and on the 
other hand, the form of f(s) can be deduced if/3(s) is known. 
The correct assignment of the measured profile values to the slice 
screws acting on them is of great importance for control. If the mapping is 
displaced, incorrect measured values can be fed to the slice screw con- 
trollers, and negative minima of the weight profile response, which cause 
the opposite feedback polarity to the maxima, can result in positive 
feedback effects. This is the cause of cross-profile deterioration and, in the 
worst case, instability. 
Therefore a prerequisite of efficient cross-profile control is the determi- 
nation of the mapping function f. This varies both with time and with the 
process state (the speed of the machine, the sort of paper, etc.), so that 
often recalculation is necessary. To be able to calculate a new mapping 
quickly and simply, an automatic procedure is advantageous. The method 
[11] developed to deal with this completes the control and works according 
to the following principle: 
1. The control is first deactivated, i.e., all n slice screws remain at their 
current positions. A number of cross profiles are then measured and 
averaged. The resulting mean cross profile only contains a small noise 
component and can be considered to be approximately constant, i.e. 
time-invariant. 
2. The positions of some slice screws are varied. These variations, 
henceforth called minibumps, are so small that the resulting imper- 
ceptible changes in the cross profile are hidden within the noise. 
However, they can be filtered out as follows. Some cross profiles are 
measured, the mean cross profile is subtracted from each of them, 
and the results are the cross-profile differences, which consist only of 
uncorrelated noise and minibump responses. If these are added up, a 
cross profile is obtained in which the added minibump responses are 
visible above the noise. 
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3. Because of the stochastic nature of the process, the minibump 
responses cannot yet be calculated with certainty from their ampli- 
tude. Reliable detection is achieved using fuzzy logic on the basis of 
additional information about the minibump responses. This informa- 
tion is their signal shape and their approximate position in the cross 
profile. 
4. The assigned positions gi on which the deflected slice screws with 
positions  i act are known for the above steps. Using these interpola- 
tion points (gi, si), the required mapping function f is approximated 
by an interpolation function. 
There follows a more precise description of the principle described 
above. Let us first consider steps 1 and 2. Here statistical elements play a 
major role. 
3. MINIBUMPS AND STATISTICAL ANALYSIS 
Every cross-direction basis-weight profile consists of m measured values 
and represents an m-dimensional measuring vector y. This comprises a
constant component c and a normal-distribution noise component r: 
y = c + r. (4) 
The constant component cannot be precisely calculated but can be approx- 
imated to 
1 p 
c = y = - E (5 )  
Pk=l 
by the mean of p cross profiles. 
In this way, the uncorrelated noise component is suppressed. Its magni- 
tude depends on the standard eviation o- r of the noise, which can be 
considered to be approximately equal in the longitudinal and cross direc- 
tions. The constant component e itself is not completely even, and its 
variations are roughly equivalent to those caused by the noise [12]. 
After the calculation of the mean cross profile, a certain number of slice 
screws (say, 5 out of 90) are selected and slightly changed. These minibumps 
are selected to be just large enough for the resulting cross-profile change 
to be roughly equal to the standard eviation O'r, i.e., their amplitude is 
approximately equal to o- r. They are then not perceptible in a cross profile 
and therefore do not lower the quality (i.e. the 2tr value of the cross 
profile). Every cross profile measured now has an additional minibump 
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cross-profile component z, which contains the minibump responses: 
y = c + r + z. (6) 
The h slice screws to be changed are selected so that they are as evenly 
distributed as possible across the web and can reduce uneven parts of the 
constant profile component e. This last point also requires a suitable 
direction of deflection, positive or negative, for each slice screw. 
The aim is to find the minibump responses using a suitable statistical 
analysis method. To do this the number q of cross profiles Yk = c = r k + z 
is measured and the mean cross profile y is subtracted from it. These cross 
profile differences yk - ~ are added up: 
q q 
Ay= ~ (yk -~)=qz+ ~r~+q(c -y ) .  
k=l  k=l  
(7) 
Because of (5) the term q(e - ~) in (7) is approximately equal to zero. As 
the superimposition of q uncorrelated noise cross profiles rk, the total 
noise profile E~=lrk has the standard deviation o- s = fq- • o- r [13]. The 
minibump responses, which are contained in z and whose positions and 
amplitudes are constant, have been added up q times, thus becoming 
visible above the total noise in cross profile Ay, and the more so the larger 
q was selected. Figure 3 illustrates this process for various values of q and 
three minibump responses at measuring boxes 71, 280, and 486 in a 
simulation. For the simulation, typical minibump responses, which have 
the shape of the weight profile response in Figure 2, and 20 noise cross 
profiles r k with normally distributed profile values are imitated. Then, the 
cross profiles Ay are calculated in (7) for increasing values of q. 
If q has been chosen to be sufficiently large, the minibump responses in 
Ay are almost without noise. Using the total cross profile (7), it is easy to 
calculate the required positions of the h minibump responses in the above 
simulation. The positions gi are calculated for which the h greatest 
absolute amplitudes occur in ay. 
In practice, the simple procedure above is not sufficient because the 
process is not as ideal as in the simulation. There are aspects that have not 
been considered and that impair the evaluability of the cross profile Ay 
and are therefore a potential risk in error detection: 
1. The component e of the cross profile, considered to be constant, is 
not always constant but can fluctuate--especially if process tates are 
unsettled, as during startup or after a change of machine parameters 
such as wire speed. In this case, the term q(c - y) in (7) must be 
replaced by a term E~= I(Cc -- y)  where c k is a function of the cross 
profile. It can no longer be neglected as in the above case. 
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Fig. 3a Simulation, q=l 
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Fig. 3b Simulation, q=5 
0 200 400 600 
Fig. 3c Simulation, q=20 
20 
-2 
0 200 4(30 600 
Figure 3. Simulation of total cross profiles Ay, shown in g/m 2 above measuring 
boxes. 
2. The backlash or hysteresis characteristics of the slice screws can have 
a negative ffect too: depending on the original slice-screw position, 
the same minibump height can cause different cross-profile changes. 
These might be so small they can no longer be detected with 
certainty. 
The comparison between the simulation (Figure 3) and application to a 
paper machine (Figure 4) for different values of q and the same minibump 
positions hows differences between ideal and real behavior. 
For these reasons, as stated above, detection of the minibump responses 
only on the basis of the h absolute amplitudes i not sufficient. Other 
information previously not used is included in the detection. This com- 
prises the approximate position of the minibump response, Which is ap- 
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Fig. 4a Measurement, q=l 
0 200 400 600 
Fig. 4b Measurement, q=5 
0 200 400 600 
Fig. 4c Measurement, q=20 
L v 
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Figure 4. Measurement of the total cross profiles Ay on a machine for newsprint, 
shown in g/m 2 above measuring boxes 
proximately equal to that of the deflected slice screw, and the signal shape 
of the minibump response. 
With this additional information and taking the cross profile Ay into 
account--see Figure 4- -a  human operator is able to make a precise and 
reliable decision about where there is a minibump response and where 
there is not. In this decision he uses intuitive rules such as "If the 
amplitude is large and the signal shape is a good match for the weight 
profile response, then there is a large certainty of a minibump response" 
or "If the amplitude is large and the position is not the one expected, then 
there is only a small certainty of a minibump response." The decision-mak- 
ing process performed by a human operator is simple and successful. It is 
therefore mulated and automated. Fuzzy logic [14-16] is ideally suitable 
for tasks of this kind, as we shall proceed to describe. 
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4. MINIBUMP DETECTION USING FUZZY DECISION LOGIC 
As explained above, generally not all minibump ositions can be found 
under the h positions with the largest absolute amplitudes. Therefore, not 
only the h but also the 2h to 4h largest absolute amplitudes are selected 
in Ay. Amongst these 2h to 4h positions ~ with the values Ay i, the 
positions g/, at which the minibump responses are located, are found. Each 
of the positions si under consideration is checked by the fuzzy logic for 
whether there is a minibump response or not. 
The positions examined are evaluated with a certainty value S between 
0% and 100%. The higher S is, the more certain is it that a minibump has 
been detected. S is derived from the characteristics of a position. These 
include the absolute value of the amplitude A i = IAyi l /tr a at that loca- 
tion, which is normalized to the standard eviation tr a of the cross profile; 
and the deviation d = Isi - gi] of the position si under consideration from 
the expected position of a minibump response, which, in the simplest case, 
is the position si of the deflected slice screw. 1
A further decision feature is the shape, which should match the weight- 
profile response if a minibump response is present. Unlike the amplitude 
and the position deviation, the shape is complex. It is obviously impossible 
to describe it as a numerical quantity, and the concept of shape is itself not 
precisely defined. For this reason, the recognition of shape is subdivided 
into the recognition of relevant features: the width (i.e. the distance 
between the zero positions to the left and to the right of the maximum), 
the roughness, and the minimum shape. The minimum shape is, in turn, 
subdivided into the left and right minimum shape, and each of these is 
subdivided into the minimum amplitude and the distance of the minimum 
from the maximum. See also Figure 2. 
The result is the hierarchial structure shown in Figure 5. The features 
shown become the linguistic input variables of the fuzzy logic; the certainty 
becomes the output variable. Because of the large number of variables, the 
fuzzy logic is not a single unit in which one rule base combines all the 
variables. This would make the rule base excessively complex, and it would 
be difficult to implement. Instead, the decision logic is made up of a 
number of smaller, manipulable fuzzy subsystems, as shown in Figure 6. 
The rule base in each subsystem emulates human behavior in evaluating 
the cross profile of Ay. Let us take the subsystem with the output variable 
certainty as an example. First of all, the linguistic values are defined for 
1 This can be done with much greater accuracy if an estimated mapping or shrinkage is taken 
into account in determining the expected position. 
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Certainty 
................ • . , . o . ~ . , ~ . . o . . . . ~ . . . . o  ... ... .............. 
2 Amplitude Shape Position 
Roughness Width Minimum shape 
............................. . . . .o~. . . . . . .o . . ,~ .  .............................. 
Minimum shape left Minimum shape right 
. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  
Amplitude Distance Ampl i tude  Distance 
5 left left right right 
Figure 5. Linguistic variables of the fuzzy logic and their interdependence. 
the four variables of this subsystem as shown in Table I. These variables 
are combined by rules such as "If the amplitude is L and the position 
deviation is S and the shape is G, then the certainty is L." A total of 
4 3 = 64 different rules are possible. These are illustrated in Figure 7 in 
diagrams resembling the Karnaugh diagrams of Boolean logic. 
The verbal formulation of the logic is completed by the above selection 
of variables and the definition of the rules. The next design stage is 
fuzzification, in which the numerical input quantities, such as the ampli- 
tude value, are transformed into linguistic values of the types Z, S, M, and 
L. This is done using membership functions that assign a membership 
value between 0 and 1 to each numerical value, denoting degree of 
membership of the linguistic values, e.g. the membership of 0.5 of value S 
and 0.2 of value M for an amplitude of h i = 2. Figure 8 shows the 
membership functions. The figure also shows the membership functions 
for the certainty, which are singletons. These are used to convert he fuzzy 
values back to numerical values during defuzzification--in this case the 
linguistic values Z, S, M, L of the certainty are converted to numerical 
values between 0% and 100%. The method of operation, i.e. the automatic 
process for rule evaluation and defuzzification, is not described in detail 
here. An extraordinarily arge number of publications have dealt with this 
matter over the past few years, of which we would refer you to [14-16]. 
After fuzzy logic has assigned every position £i with a certainty S i 
between 0% and 100%, the h positions gj with the highest certainty values 
are selected. If these are above a threshold representing the minimum for 
reliable detection (say, 75%), the result is considered to be usable. If that 
is not the case, which only rarely occurs, the identification is considered 
unsuccessful and the procedure is aborted. Incorrect mapping is thus ruled 
out. A new mapping function f can then be determined on the basis of the 
minibump ositions found. 
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Certainty 
I 
Defuzziflcation 
Rule base 
Fuzzification 
I 
Amplitude Shape Position 
DefuzziflceUon 
Rule base 
Fuzziflcation 
I I 
Roughness Width Minimum shape 
DefuzzlflcaUon 
Rule base 
Fuzziflcation 
Minimum shape 
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Rule base 
Fuzziflcation 
Minimum shape 
right 
I 
Defuzziflcation 
Rule base 
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I I J I 
Amplitude Distance Amplitude Distance 
left left right right 
Figure 6. Implementation f the fuzzy logic in five subsystems. 
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Table I. Lingustic Variables of the Fuzzy Subsystem with the Output 
Variable Certainty 
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Linguistic 
variable Linguistic values 
Certainty S Zero (Z) Small (S) Medium (M) Large (L) 
Amplitude A Zero (Z) Small (S) Medium (M) Large (L) 
Position 
deviation d Zero (Z) Small (S) Medium (M) Large (L) 
Shape Poor (P) Defective (D) Good (G) Excellent (E) 
5. CALCULATION OF THE MAPPING FUNCTION 
Using fuzzy logic, a total of h positions ~ with minibump responses 
were identified and mapped to the deflected slice screws at positions s i. 
Therefore h points (si, si) of the mapping function f are known. The 
precision of the calculated values si is one measuring-box width, because 
of the discrete nature of cross-profile measurement. For this reason, it is 
desirable to have as many measuring boxes as possible to achieve a high 
cross-profile resolution. 
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output variable certainty. Shaded Figure 7. Rules of the fuzzy subsystem with the 
example: if the amplitude is M, the shape is G, and the deviation from the 
expected position (position for short) is S, then the certainty isM. 
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Figure 8. Membership function of each variable. 
The function f is approximated by an interpolation function based on 
the points identified. This interpolation function might be, for example, a
cubic spline or an Akima spline [17]. However, a simpler method is often 
sufficient: if the shrinkage is considered to be approximately parabolic, a 
third-degree interpolation polynomial can be used because the mapping is, 
as proven in Equation (3), obtained by integration of the shrinkage. To 
calculate its four coefficients, at least four minibumps are required, i.e. 
points (g/, si). If more than four points are determined, four points can be 
obtained by the appropriate l ast-squares calculation. 
6. ADAPTATION AND CROSS-DIRECTION CONTROL 
The identification method yields a great improvement in cross-direction 
basis-weight profile control by the automatic adaptation of.the mapping. 
The entire control oop, as shown in Figure 9, consists of two main parts, 
the basic control oop and the identification part. The latter comprises, as 
described above, the minibump stimulation, the statistical analysis, the 
fuzzy logic, and a higher-level sequential logic. As stated earlier, identifi- 
cation becomes necessary when the shrinkage behavior changes as a result 
of a change of machine parameters or of fluctuations over time. For 
example, the identification is triggered if the 2it-value exceeds a set 
threshold or whenever the operator considers it necessary. With the points 
calculated in this way, the mapping function is recalculated in the subsys- 
tem mapping of the basic control loop. In addition to the subsystem 
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Figure 9. Configuration of the cross-direction basis-weight control. 
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mapping, the decoupling, the actual controller and the measured-value 
filter are also included in the basic control loop. The m-dimensional 
measuring vector, the cross profile y, is filtered in the feedback path. This 
suppresses the noise. Then the control-error cross profile e is generated by 
the subtraction of the filtered cross profile ~ from the also m-dimensional 
desired value Y~t- Using the mapping function, e is projected back onto the 
machine input; the resulting mapped m-dimensional cross profile ~ is 
decoupled 2 and mapped onto an n-dimensional control-error cross profile 
[2]. This then yields the n input quantities of the n slice screw con- 
trollers. 
7. APPLICATION AND EXPERIENCE IN PRACTICE 
This method is used as part of Siemens QCS (quality control system) for 
paper machines, which includes the cross-direction controls for moisture 
and thickness and longitudinal controls. Its use permits, as has been 
demonstrated in practical use on a paper machine: 
1. fully automatic alculation of the mapping without any loss of quality 
or production interference, 
2. fast commissioning of the cross-direction basis-weight profile control 
within only few hours, and easy restart after a long period of disuse, 
3. consistent high-quality cross-direction control of the basis weight, 
because changes in the mapping can be acquired quickly, 
2 Decoupling is not always necessary. If the coupling is weak, it is generally not used. 
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Figure 10. Basis-weight cross profile before starting the control. 
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Figure lI. Basis-weight cross profile approximately one hour after starting up the 
control. 
4. display of the assignment between slice screws and measuring boxes, 
and display of the mapped cross-profile values. 
Figures 10 and 11 show the cross-direction basis weight profile before 
and (approx. 1 hour) after the control has started up on a machine for 
making newsprint. The 2o--value is reduced from 1.04 to 0.56 g/m 2 on the 
basis of 600 measuring boxes. 
8. CONCLUSION 
Exact mapping is a precondition for stable optimized cross-direction 
basis-weight profile control. Because the mapping generally changes over 
time, an automatic method for identifying it, such as the one above, is 
extremely advantageous. As part of the cross-direction basis-weight profile 
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control it permits recalculation of the mapping without the profile or the 
paper quality being impaired. Costly manual identification of the mapping, 
often practiced in the past, is therefore no longer necessary. 
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